This study is focused on the prediction of the asphalt binder complex modulus at various temperatures and various loading frequencies. The master curve approach was used to predict the asphalt binder behavior for a wide range of temperatures and loading frequencies by applying the time-temperature superposition principle for pressure ageing vessel (PAV) aged asphalt binder mixed with different percentages of sasobit asphalt modifier. The complex modulus was measured using the dynamic shear rheometer (DSR) with a wide range of loading frequencies (0.1 Hz-10 Hz) and a wide range of testing temperatures (16 o C-31 o C). The results
INTRODUCTION
Warm Mix Asphalt (WMA) is a new technology that allows for the production of asphalt mixtures at lower temperatures than ordinary Hot Mix Asphalts (HMA), (Jamshidi et al., 2015) . WMA modifiers reduce the viscosity of asphalt binder at mixing and compaction temperatures, allowing for lower temperatures of mixing and compaction (Iwanski and Mazurek, 2012) . Sasobit is one of warm mix asphalt modifiers derived from coal gasification process (Edwards and Redelius, 2003) . The performance of sasobit modified asphalt binder was investigated by many researchers (Zhang et al., 2015; Kim et al., 2012; Zhao, 2011) . It was found that the performance of sasobit modified asphalt binder depends on the testing temperature in the high temperature range (>100 o C), as sasobit melts within the asphalt binder causing a significant reduction in its viscosity. This behavior was found beneficial as it allows for a lower mixing temperature, thereby reducing the energy bill. Liu (2012) found that the addition of sasobit to asphalt binder allows for higher percentages of reclaimed asphalt binder (up to 60% by weight of asphalt) to be added to the mixture without significantly effecting the workability of the mixture and with increasing the complex shear modulus of asphalt binders for temperatures below 95 o C.
The complex shear modulus (G*) for sasobit modified asphalt binder will also be affected. Jamshidi et al. (2013) investigated its performance at high temperatures o C and intermediate test temperatures (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) o C and found that the increase in sasobit percentage will significantly increase the value of G*, making the samples stiffer. However, the phase angle will decrease and increase the elastic portion of the complex modulus.
Time-Temperature Superposition Principle
Asphalt binder is a viscoelastic material and its properties are dependent on both temperature and loading frequency. The increase in temperature reduces the complex shear modulus of asphalt binder, where the increase in loading frequency reduces the complex shear modulus (Bari and Witczak, 2007) .
Based on the time-temperature superposition (TTS) principle, or the temperature-frequency superposition, a master curve is obtained by horizontally shifting different flow curves until they merge into a single smooth curve. Time-temperature superposition can be represented by the following equation:
where: T 0 : Reference temperature. T: Shifted temperature.  T : Shift factor. f: Observed frequency.
The curve of G* versus a logarithmic loading frequency is shifted for a single temperature using the shift factor  T . The shift factor is given by:
where f T is the frequency applied at testing temperature T, f 0 is the reduced frequency for the given temperature T.
William-Landel-Ferry (WLF) empirical relationship was proposed by Williams et al. (1955) to link the shift factor for each flow curve to the master curve, based on the time-temperature superposition to obtain the shift factor ( T ) in terms of (T-T 0 ):
C 1 and C 2 are universal constants equal to 8.86 and 101.6, respectively for temperatures above the glass transition temperature, T 0 is the reference temperature and T is the temperature of the shifted flow curve.
The main objectives of this research are to predict the complex modulus for sasobit modified asphalt binder at different temperatures and different loading frequencies, as well as to investigate the effect of adding different percentages of sasobit on the complex modulus for asphalt binder.
MATERIAL AND METHODS
To satisfy the research objectives, three different percentages of sasobit were added to the PG 70-10 asphalt binder sample (1%, 2% and 3% by weight of asphalt), then mixed until sasobit was completely dissolved into the asphalt binder. Thereafter, the samples were aged using the rolling thin film oven (RTFO), followed by PAV ageing.
Dynamic shear rheometer (DSR) was used to obtain the flow curves for the asphalt binders. A frequency sweep test was performed over a wide range of temperatures representing the intermediate pavement temperature (16 o C-31 o C) for PAV aged asphalt binder samples. Figure 1 shows the testing flow chart used in this research. An Excel Solver was used to fit the data obtained from the DSR into the sigmoid function equation that best fits the shifted flow curves to obtain the master curve for each sample.
Mixing Sasobit with Asphalt Binder
Sasobit is manufactured by Sasol Wax Company. It has a solid pellet shape with a diameter of 2 mm ( 
Rolling Thin Film Oven (RTFO)
RTFO test was used to age asphalt binder in order to simulate short-term ageing during the mixing and compaction process. Figure 3 shows the RTFO device at Jordan University of Science and Technology (JUST)/Highway Laboratory. Asphalt binder was then poured into the RTFO containers, exactly 35 g each, and placed in the oven for approximately 85 minutes, whereas the oven was held at 163 o C during the test period. The containers were rotating at 15 revolutions per minute while air was blown into the test cylinders from the nozzle. The rotation allows the asphalt to coat the cylinder container fully from inside.
Figure (3): Rolling thin film oven device
After the test period, each cylinder was placed on a rack to cool for a sufficient period of time and then weighed, where samples with more than 1% asphalt mass loss will be considered to have failed this test and therefore to be rejected.
To conduct the RTFO ageing test, the following steps are required to prepare the samples and check the mass loss specification. The test starts with warming the asphalt sample until it becomes liquid and easy to pour. Simultaneously, the RTFO is heated until it reaches the required 163ºC temperature to start the test. Afterwards, the empty RTFO bottles are weighed and their weights are recorded. Then, 35g of asphalt is poured into each of the RTFO bottles which are left to cool for 15 minutes, before loading the RTFO bottles into the RTFO and starting timing. After 85 minutes, the bottles are removed from the RTFO and left to cool for 15 minutes. Then, the bottles with the aged asphalt are weighed and the percent of mass loss of asphalt is calculated.
Pressure Ageing Vessel Test (PAV)
PAV test was developed to simulate long-term ageing of asphalt binders usually from 7 to 10 years of service life. The ageing process is carried out by exposing the asphalt samples to heat and high pressure. This test is performed on RTFO aged asphalt residues where samples are poured in special pans of 50 g each, then placed on a rack into the vessel. The PAV device shown in Figure 4 is then sealed and ageing takes place for 20 hours at 305 psi at a temperature of 90, 100 or 110 o C depending on the climate temperature of the pavement. For Jordan climate, 100 o C was selected in the PAV test to account for ageing in moderate climate.
Figure (4): Pressure ageing vessel device
To conduct the PAV ageing test, the following steps are required to prepare the asphalt binder samples. The test starts with turning on the PAV oven and heating it to acquire the desired testing temperature of 100 ºC. Then, RTFO aged asphalt binder is heated until it becomes liquid and 50 g of RTFO aged asphalt binder is poured into the PAV pans and left to cool for 20 minutes. Afterwards, the pans are inserted into the rack and then into the PAV oven and sealed tightly. After the PAV has regained the 100 o C temperature, the pressure valve is opened to 305 psi. After 20 hours of conditioning, the device is turned off and the pressure is slowly released, then the asphalt pans are removed from the device.
Dynamic Shear Rheometer Test (DSR)
Dynamic Shear Rheometer ( Figure 5 ) is used to determine the viscoelastic behavior of complex materials like asphalt binders. The asphalt sample is sandwiched between two plates. The lower plate is fixed, while the upper plate osculates sinusiodally back and forth resulting in shearing the asphalt binder sample. Complex modulus of asphalt binder (G*) and phase angle () are the results of the DSR test. These two parametes are related to rutting and fatigue performance. The rutting parameter (G*/Sin ) must be greater than 1 kPa for original unaged asphalt binder and greater than 2.2 kPa for RTFO aged asphalt binder, both tested at high PG temperature. The superpave specification for the fatigue parameter is that for PAV aged asphalt binder, (G*Sin ) must not exceed 5000 kPa tested at intermediate PG temperature.
The values of complex modulus and phase angle are determined according to Equations 4, 5, 6 and 7, respectively:
γ ;
where :  max : maximum applied shear stress.  max : maximum resulting shear strain.
T: maximum applied torque. r: radius of the binder specimen. θ: rotation angle. h: specimen height.
Figure (5): Dynamic shear rheometer
To conduct the DSR test, the following steps are required, which are the same for the three levels of aged asphalt. The test starts with warming asphalt samples until they become liquid and easy to pour. Then, the DSR environment chamber is run and the desired temperature for testing is selected. From the DSR software, the desired test parameters are set. Then, asphalt samples are poured into the appropriate molds (25 mm or 8 mm in diameter) and left to cool for 5 minutes. When the asphalt binder becomes solid, the samples are removed from the molds and mounted in the testing position. The excess asphalt binder is trimmed to avoid interference with the test results. One should wait until the asphalt binder reaches the testing temperature, then the test is started. Note that the output of the DSR shows directly the final results for each test and no calculations are needed.
Frequency Sweep
Frequency sweep test was performed using 25 test 
RESULTS AND DISCUSSION
Master curves shown in Figures 10, 11 , 12 and 13 are developed using an excel sheet solver optimization tool to best fit the sigmoid function to the flow curves of the control, 1%, 2% and 3% of sasobit modified samples, respectively.
The sigmoid function to represent the complex shear modulus can be represented by:
; The optimization process of the sigmoid function to best fit the obtained G* data from the DSR is carried out by trial and error. By changing the sigmoid constants (coefficients) along with changing the shift factor "α T " and minimizing the error between the predicted value and the obtained value of the complex modulus. Table 1 shows the values of the four sigmoid coefficients as obtained from the optimization process, along with the percentage of error for each master curve. The shift factors at each temperature are given in Table 2 for each percentage of sasobit asphalt modifier. The master temperature for the asphalt binder samples is 22 o C where the logarithm of the shift factor is equal to zero (shift factor = 1). 
CONCLUSIONS
The time-temperature superposition approach was performed by solving the sigmoid function four coefficients (a, b, c and d) and obtaining the logarithm of the shift factor at each temperature to obtain the best fit master curve to the complex modulus for each percentage of sasobit modifier.
In light of the study results, the following conclusions are drawn.  From the master curve plot, the increase in loading frequency is shown to increase the value of complex modulus (G*) for all four percentages of sasobit asphalt modifier.  Testing temperature and loading frequency are correlated so that an increase in the testing temperature will cause a decrease in the value in (G*), as the top right part of the master curve simulates a high loading frequency (or a low test temperature) and the lower left part of the master curve simulates a low loading frequency (or a high test temperature).  An increase in the sasobit modifier percentage causes an increase in the complex modulus.Thus, sasobit can be added to the asphalt binder without deteriorating its performance.  Predicting the value of the complex modulus for any given testing temperature or loading frequency can be carried out by simply substituting the corresponding reduced frequency (f R ) in the sigmoid function, taking the proper shift factor for that temperature into consideration.
RECOMMENDATIONS
 This research focused on the master curve development of sasobit modified asphalt binder at different temperatures and frequencies. However, it is recommended to investigate the rheological properties of sasobit modified asphalt binder.  It is recommended to investigate the WMA performance (produced with sasobit modified asphalt binder).  Using WMA will reduce the negative environmental effects of using HMA, since there will be significant reduction in the mixing and compaction temperatures. However, the cost of adding sasobit to the asphalt binder should be considered. The manufacturer recommended using 1.5% of sasobit by the asphalt binder weight. Considering the optimum asphalt content of 5.5% in average, for every one ton of HMA, 55 kilograms of asphalt binder and around 0.83 kilogram of sasobit are needed. Given that the cost of one kilogram of sasobit is less than one dollar, it is very economical to be used in WMA. However, a comprehensive visibility cost study is needed to ensure the application of asphalt binder mixed with different percentages of sasobit asphalt modifier in the Middle East region.
